The Effect of Protease Treatment on the Morphology of Influenza A, B and C Viruses
(Accepted 2I December I968)
Since the partial degradation of influenza virus particles by trypsin was first reported (Mayron & Rafelson, I96O) , the virus has been shown to be susceptible to the action of many other proteases. Degradation by these means is known to cause the release of low molecular weight neuraminidase from the particles, but the other activities associated with the viral surface, that is haemagglutination and V-antigen complement fixation, are apparently destroyed. Degraded virus particles obtained after such treatment show markedly altered physical properties which may be attributed to the loss of about 50 ~o of the viral protein; the bulk of nucleic acid however is still particleassociated (Biddle, I968; Kendal, Biddle & Belyavin, I968) . This suggests that there is a membrane resistant to protein digestion beneath the characteristic protein outer coat of the virus. To investigate this structural feature, protease digested virus was examined electron microscopically, using both negative staining and thin-sectioning techniques.
Influenza virus strains A2/SINGAPORE/57 and B/ROB/55 were grown in the allantoic cavity of 1 I-day-old chick embryos, and purified as described previously (KendaI et aL 1968) . Influenza virus C/TAYLOR was grown in the amniotic cavity of lO-to I 1-day-old chick embryos, from a IO a dilution of seed virus in nutrient broth containing penicillin (25oo units/ml.) and streptomycin (3o0o #g./ml.). Fluid was harvested after 48 hr incubation at 37 °, and the virus separated from soluble proteins by isopycnic centrifugation. For this purpose, o'7 ml. of caesium chloride solution, 3o ~o (w/w) in o. I Mtris + HC1, pH 8% was placed in the bottom of a 2o ml. centrifuge tube, and gently overlaid with 2 ml. of a 23 ~o caesium chloride solution. Fifteen ml. of amniotic fluid was in turn layered over this solution, and the sample was then centrifuged in the 3 x 23 ml. swinging bucket rotor of an M.S.E. Superspeed 65 centrifuge for I hr at 3o,ooo rev./min.
A sharp virus band was produced just above the base of the centrifuge tube, and was recovered in about 2 ml. volume by puncturing the bottom of the tube. This material was diluted to about IO ml. with tris buffer and recovered by ultra-centrifugation at IOO,OOO g for 30 to 4 ° min. Pellets of purified influenza A, B and C viruses for protease treatment were resuspended in small volumes of tris buffer containing o-o2 ~o sodium azide, and incubated with the bacterial protease nagarse (IO mg./ml.) for 17 hr at 37 ° as described previously (Kendal et al. 1968) . Samples for electron microscopy were sedimented by centrifugation for I hr at 39,ooo rev./min, in the Spinco SW 39 rotor, using polyallomer tubes. For negative staining, the pellets were resuspended in a small amount of distilled water. For ultrathin sectioning, the bottoms of the tubes containing the pellets were cut off, and the pellets fixed in situ with 6 ~o (w/v) glutaraldehyde in o'o5 M-phosphate buffer, pH 7"o (2o min.), followed by Palade's fixative (3o min.). After washing in Palade's buffer without osmic tetroxide for 3o min., the material was embedded in Maraglas and stained with 1% uranyl acetate in alcohol (3o min.) followed by the Reynolds lead citrate (2o min.).
When examined by negative staining, the nagarse-treated influenza A2 and B preparations presented particles of about the same size as untreated particles, but the typical surface morphology was lost (P1. I a). A similar effect has been observed after digestion of influenza viruses with Caeseinase C (Reginster, I965) and subtilisin (Biddle, I968 ) . Additional information on the effect of nagarse on the morphology of influenza A2 and B viruses was obtained from the ultrathin sections. The walls of these viruses as described by Apostolov & Flewett (I968) consist of three layers: on the outside, a layer of spikes 8 nm. thick; on the inside, the nanogranular layer---consisting of cellules 4 rim. diameter; and an intermediate electron-transparent layer 4 nm. across (Fig. I, P1. 2a) . Although the periodicity of the spikes is arbitrarily shown here to be the same as that of the cellules of the nanogranular layer, it is not possible to infer this from the micrographs of sectioned virus particles.
Sections of nagarse-treated particles showed that the spiky layer had been removed, and in the absence of the spikes the nanogranular layer could be seen as a double membrane, in all about 4 nm. across, with periodic striations (P1. 2b to f). As the presence of such a double membrane could occasionally be observed in the nanogranular layer of native virus particles, it seems unlikely that this morphology was an artifact induced by the action of protease. These findings suggest strongly that the spiky layer consists of proteinaceous material, while the nanogranular layer is a distinct structural entity that is protease-resistant. Together with other results concern-ing the effect of proteases on viral haemagglutinin and neuraminidase, it would seem therefore that the components associated with these activities are not true structural proteins, insofar as they do not contribute significantly to the stability of the viral envelope. Figure I illustrates schematically the appearance of the wall of native and proteasetreated influenza virus, as may be observed in sectioned-particles. Since the nanogranular layer apparently consists after protease treatment of a double membrane enclosing an electron-transparent region, there are thus a total of five morphologically distinct layers in the virus wall. The question of the location of the lipids within the membrane remains open because lipid solvents are used in the preparation of the material for sectioning.
Examination of ultrathin sections of nagarse-treated preparations also showed that the internal component clearly seen in sections of untreated virus was completely disorganized. Although the nanogranular layer was not destroyed by protease, the enzyme appeared to penetrate into the inside of the particles, and partially to digest the internal components. The 6 nm. diameter structures seen in untreated particles of influenza A 2 virus (P1. 2 a) are probably therefore ribonucleoprotein complexes.
Control preparations of influenza C virus revealed the reticular structure described previously in detail (Flewett & Apostolov, I967) . After treatment with nagarse the reticulum and spikes were completely lost, giving rise to naked influenza C particles only (Apostolov & Flewett, I968) . These particles could not be distinguished from those of protease-treated influenza A 2 and B (PI. I b). Thus the reticulum and spikes of influenza C virus are probably proteinaceous.
